Differential Sensitivity of Chromium-Mediated DNA Interstrand Crosslinks and DNA-Protein Crosslinks to Disruption by Alkali and EDTA. Singh, J., Bridgewater, L. C, and Patierno, S. R. (1998). Toxicol. Sci. 45, 72-76. Some compounds of hexavalent chromium are well-established carcinogens. Chromium enters mammalian cells in the hexavalent form and is reduced to chromium(III). Treatment of purified DNA with chromium(III) produces DNA-DNA interstrand crosslinks (DDC) which obstruct the progression of DNA polymerases in vitro. DDC were also detected in chromate-treated cultured normal human lung cells using the renaturing agarose gel electrophoresis (RAGE) assay and correlated with base-specific inhibition of DNA replication. Curiously, DDC have gone undetected in studies of cultured cells using the alkaline elution (AE) technique, whereas chromium-mediated DNA-protein crosslinks (DPC) were readily detected by AE. We tested the hypothesis that AE conditions [60 mM tetraethyl ammonium hydroxide (TEA), 20 mM EDTA, pH 12.6, for 16 h at room temperature] dissociate DDC but not DPC using chromium(III)-treated plasmid DNA and the RAGE assay. Dosedependent chromium-induced DDC were unaffected by TEA (pH 11.8) alone or by more rigorous alkaline denaturation conditions (200 mM NaOH, pH 13.5, for 16 h). DDC were, however, completely disrupted by EDTA (pH 12.6) alone or the combination of TEA and EDTA (pH 12.6). In contrast, DPC remained largely intact under these conditions. Therefore, past AE-based studies which have failed to detect chromium-induced DDC do not prove the absence of this lesion. AE may not be suitable for detecting DDC induced by EDTA-chelatable agents such as metals, o IWS society of To Certain chromium compounds are recognized as human carcinogens (IARC, 1990; DeFlora et al., 1990). Soluble hexavalent chromium is genotoxic (DeFlora et al
at cellular exposures great enough to allow hexavalent chromate oxyanions to enter cells via the sulfate anion transport system and overwhelm the intracellular protective mechanisms (DeFlora and Wetterhahn, 1989) . Hexavalent chromium [Cr(VI)] does not interact with DNA (Kortenkamp and O'Brien, 1991) but is reduced intracellularly, via several reactive intermediates, to trivalent chromium [Cr(III)] which binds both nucleic acids (Tamino et al., 1981) and proteins (Miller et al., 1991) . This reduction generates reactive chromium intermediates and radical species, which can also interact with DNA (Stearns and Wetterhahn, 1994) . In cultured cells, the reactive intermediates and Cr(m) can induce a spectrum of DNA damage including DNA-chromium monoadducts (Manning et al., 1992; , DNA-protein crosslinks (DPC) (Miller et al., 1991; Xu et al., 1994; Costa, 1991) and single-strand breaks .
Another important type of chromium-induced DNA lesion, the DNA-DNA interstrand crosslinks (DDC), may contribute to several of the cellular effects of chromium. For example, the DDC inhibit DNA replication in vitro by obstructing the progression of a variety of DNA polymerases including Sequenase Version 2.0, DNA polymerase I large (Klenow) fragment, unmodified T7 DNA polymerase, and mammalian DNA polymerases a and /3 (Bridgewater et al., 1994a (Bridgewater et al., ,b, 1998 . Thus, the DDC may contribute to chromium's ability to be mutagenic (DeFlora et al., 1990; Shaojun and Dixon, 1996) , inhibit both DNA replication (Nishio and Uyeki, 1985) and transcription (Manning et al., , 1992 , arrest the cell cycle in S-phase (Patierno et al., 1994; Xu et al., 1996) , and cause apoptosis (Blankenship etai, 1994) . Furthermore, we have demonstrated that DDC were present in the DNA of chromate-treated cultured normal human lung fibroblasts using the renaturing agarose gel electrophoresis (RAGE) analysis (Xu et al., 1996) which relies on the propensity of interstrand crosslinked DNA to reanneal rapidly following denaturation (Vos and Hanawalt, 1987) .
Previous efforts for the detection of DDC in chromiumtreated cells or animals have almost exclusively relied on the alkaline elution (AE) methodology. During AE, DNA is denatured by alkali and ethylenediamine tetraacetic acid (EDTA) and size-separated based on the amount of strand breaks and crosslinks it contains (Kohn et al., 1981) . The DDC have been detected by AE in some in vivo studies (Tsapakos et al., 1983; Cupo and Wetterhahn, 1984; Hamilton and Wetterhahn, 1986 ) but a large number of AE-based studies by this and other laboratories have failed to detect this lesion in chromate-treated mammalian cells Fornace et al., 1981; Manning et al., 1992; Sugiyama et al., 1986a Sugiyama et al., ,b, 1991 . In contrast, we and others have found that DDC are readily induced after in vitro exposure of DNA either to Cr(III) or Cr(VI) plus ascorbate (Tamino et al., 1981; Bridgewater et al., 1994a,b) .
One possible reason for the unreliable detection of chromium-mediated DDC in vivo may be that different tissues and cell types exhibit different types of chromium-induced DNA damage. For example, red blood cells of chromate-treated chick embryos exhibited strand breaks and oxidative DNA damage but no crosslinking, whereas DNA from chick liver contained DPC but no strand breaks (Hamilton and Wetterhahn, 1986) . Although DPC, but not DDC, were detected in cultured cells by AE, it seems likely that a chromium ion capable of participating in DPC should also be capable of forming DDC. Thus, cell specificity does not easily explain this discrepancy. We therefore postulated that the chromium-induced DDC may be dissociated during AE while DPC remain intact. Our results support this hypothesis and put into question the use of the AE technique to detect DDC induced by chromium and other EDTA-chelatable toxic metals.
METHODS
The pSV2neoTS plasmid, which we have previously used as a replication template for chromium-induced DNA polymerase arrest assay studies (Bridgewater et al., 1994a (Bridgewater et al., ,b, 1998 , was used in these experiments. This plasmid was linearized by digestion with Notl. One microgram of the linear plasmid was treated with 0, 15, 30, and 60 (xM chromium chloride 2 (CrCl 3 ) in 50 fi\ double-distilled water, for 2 h at 37°C. Unbound chromium was removed by microdialysis for 2 h at room temperature against 25 ml double-distilled water using the 16-well Spectrapor Microdialyser 3 and cellulose acetate dialysis membrane with a molecular weight cutoff of 100 Da. Aliquots of the reactions were either left in the native form or denatured by 200 mM sodium hydroxide (NaOH) (pH 13.5), 60 mM tetraethyl ammonium hydroxide (TEA) (pH 11.8), 20 mM EDTA (pH 12.6), or the combination of 60 mM TEA and 20 mM EDTA (pH 12.6) (standard alkaline elution conditions), for 16 h at room temperature. Samples were mixed with 6X loading buffer (0.25% bromophenol blue, 30% glycerol), loaded onto 0.8% agarose gels, and separated at 35 V for 16 h in 0.5 X TBE running buffer (45 mM Tris-borate, 1 mM EDTA). The DNA was then transferred overnight by Southern blotting to Biotrace HP positively charged polysulfone membranes 4 in a 0.4 N NaOH transfer buffer by capillary action and hybridized with a radiolabeled probe (the target sequence given by digesting the pSV2neoTS plasmid with £coRI and Notl). The radioactive Southern blots were visualized by phosphonmaging and the bands corresponding to double-stranded (ds) and single-stranded (ss) DNA were quantitated by the Molecular Dynamics phosphorimager-densitometer (Model 400B) with ImageQuant software. 3 The percentage of DNA in the ds form was an index of intact DDC.
The stability of Cr(in>mediated DNA-glutathione (GSH) crosslinks during AE treatment was determined as follows. One microgram of the plasmid was incubated with 50 yM CrCl 3 and 500 /iM [ 3 H]GSH (ratio of Cr(Iir):GSH was 1:10) for 2 h at 37°C. These reactions were treated with 20 mM EDTA (pH 12.6) alone or both 20 mM EDTA and 60 mM TEA (pH 12.6) for 16 h at room temperature. Reaction volumes were passed through Bio-Rad Bio-Spin P-30 gel-exclusion chromatography columns 6 which retained free GSH (exclusion limit 40,000 Da) while DNA-bound GSH eluted through the columns. DNAbound [ 3 H]GSH was measured by scintillation counting. In one assay, 1 mM [ 3 H]GSH was preincubated with 200 ^M CrCl 3 (ratio of Cr(nr):GSH was 1:5) for 2 h at 37°C, followed by incubation with 2 fig of plasmid for 2 h at 37°C. The reactions were then treated with EDTA or TEA/EDTA, precipitated by trichloroacetic acid, filtered through a Millipore filtration apparatus 7 under vacuum, and counted with a scintillation counter. These modifications were based on a recent report by Zhitkovich et al. (1996) and did not greatly alter the formation or the stability of the Cr(III)-GSH-DNA crosslinks. Background corrections were made for the small amount of GSH that elutes through the columns directly or binds DNA in the absence of Cr(IH).
RESULTS
Figure 1 shows a representative Southern blot autoradiogram of chromium-treated plasmid in the nondenatured, native form, and after denaturation by NaOH (pH 13.5), TEA (pH 11.8), EDTA (pH 12.6), or TEA/EDTA (pH 12.6). In the absence of denaturation (native), both the control (0 JAM) and the chromium-treated DNA remained double-stranded (lanes 1-4, native). NaOH denatured control DNA almost completely since most of the DNA was found in the ss band and the faint ds band may be attributed to reannealing during electrophoresis (lane 1, NaOH). Most of the chromium-treated DNA was present in the ds band, indicating alkali-stable chromium-induced DDC (lanes 2-4, NaOH).
The extent and dose dependence of DDC is determined by integration of the ss and ds bands and is shown in Fig. 2 . The concentrations of chromium used in these experiments were purposely chosen at the high end of the dose-response curve in order to more clearly illustrate the sensitivity of this lesion to other denaturing conditions (see below). A more extensive analysis of the dose dependence of this lesion has already been published (Bridgewater et al, 1994b) . At the highest chromium concentration of 60 ^M, the crosslinking is saturated (NaOH, lane 4) and the percentage of crosslinked DNA migrating as ds DNA decreased slightly due to the retention of highly crosslinked DNA in the gel wells. This fraction of DNA could be visualized with ethidium bromide staining of the agarose gel (not shown), but could not be transferred onto the membrane by Southern blotting. of chromium, the treated plasmid remained fully double stranded, indicating that TEA alone could not dissociate chromium-induced DDC (lanes 2-4, TEA). Due to the high buffering capacity of TEA in the high pH range, the pH of TEA could not be increased to 12.6 except by the addition of about 50 mM NaOH which made it impossible to distinguish the effect of TEA from that of NaOH. In contrast, the combination of TEA and EDTA, at the standard AE pH of 12.6 denatured both control and chromium-treated DNA and completely dis- rupted Cr-DDC (Figs. 1 and 2) . Finally, Fig. 1 shows that EDTA alone, at the standard alkaline elution pH of 12.6, completely disrupted Cr-DDC. The little ds DNA seen after EDTA or TEA/EDTA treatments may be attributed to incomplete denaturation or reannealing during gel electrophoresis and did not increase with the chromium concentrations. At the highest chromium concentration of 60 /AM, the percentage of ds DNA after EDTA treatment alone is also shown in Fig. 2 and is similar to that given by the TEA/EDTA treatment. A similar quantitative result was obtained at the other concentrations of chromium following denaturation by EDTA alone (not shown in Fig. 2) , indicating a lack of dose response. These data clearly indicates that the EDTA component of AE completely dissociates Cr-DDC. Figure 3 shows the stability of DPC after AE conditions. In the absence of denaturation, an average of 900 Cr-DNA-GSH crosslinks are formed per 10,000 base pairs (100%). The effects of EDTA (pH 12.6) and TEA/EDTA (pH 12.6) are shown as the percentage of crosslinks intact after these treatments. In contrast to the dissociation of DDC, the Cr-DNA-GSH crosslinks were not significantly dissociated by EDTA alone or TEA/EDTA. These results plausibly explain why AE treatment detects chromium-mediated DPC but not DDC.
DISCUSSION
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FIG. 2. Quantitative analysis of the percentage of chromium(III)-treated
DNA that remains double-stranded (crosslinked) after NaOH and alkaline elution treatments. CrCl 3 -treated DNA was denatured by NaOH or TEA/ EDTA and subjected to RAGE analysis. The columns in the graph show the percentage of ds DNA which is an index of intact DDC. The ss band could not be detected by the phosphorimager in Cr(III)-treated DNA following treatment with TEA alone. At 60 JAM Cr(HI) the additional column corresponds to the percentage of ds DNA after treatment with EDTA alone. A similar percentage of ds DNA was observed after EDTA treatment at 0, 15, and 30 fiM Cr(JJI) (not shown). Error bars indicate the standard deviation of the mean of three (two for 30 /iM Cr/NaOH) independent experiments. DDC are formed when either Cr(III) or the reactive intermediate penta-and tetravalent oxidation states of chromium form bridges between either phosphate moieties or guanine bases on opposite strands of the DNA helix (Tamino et al, 1981; Bridgewater et al., 1994b Bridgewater et al., , 1998 . Even if the intermediate chromium species are the initial instigators of DDC, such intermediates are unstable and short lived and would ultimately be reduced to stable Cr(III). One reason why Cr-induced DDC are dissociated by AE may be that the high pH oxidizes Cr(HI) which is stable at low pH, to Cr(VI) (Shupack, 1991) . Cr(VI) does not form stable complexes with DNA (Kortenkemp et al., 3 H]glutathione in the presence of 50 nM CrCl 3 (or 200 pM). This was followed by incubation with 20 mM EDTA alone or the combination of 20 mM EDTA and 60 raM TEA for 16 h at room temperature. DNA-bound GSH was collected by passing the reactions through Sephadex gel exclusion columns or by TCA precipitation and vacuum filtration. DNA-bound GSH was quantitated by a scintillation counter. In the absence of denaturation, an average of 900 Cr-DNA-GSH crosslinks were quantitated (100%). The effects of EDTA and TEA/EDTA are shown the percentage of crosslinks intact after these treatments. The error bars show the standard deviation of the mean of four (three for EDTA) independent assays. 1991). However, the relative stability of DDC to NaOH (pH 13.5) treatment strongly argues against this possibility. TEA (pH 11.8) by itself was not able either to fully denature untreated DNA or prevent renaturation of crosslinked DNA. This also indicates that a basic environment (albeit slightly less basic than AE conditions at pH 12.6) is not sufficient for disrupting the DDC in the absence of a chelating agent. The very high affinity of EDTA for Cr(ITJ) (K a = 10 24 ) (Earley and Cannon, 1965) probably allows EDTA to chelate Cr(lII) ions bridging two strands of DNA and thus disrupt DDC during AE. This suggests that this important genotoxic lesion may be produced in vivo and detected by an alkaline, but EDTA-free, technique after exposure to much lower concentrations of chromium than previously thought possible (Xu et al, 1996) .
Experimental differences in the pH, temperature, and/or rate of elution may explain why chromate-induced DDC were detected by AE in a few animal studies while this method could not detect DDC in numerous studies with chromate-treated cultured cells. The degree of natural chromatin compaction may differ in in vivo tissue samples compared to cultured cells, possibly making the DDC in the DNA in vivo more resistant to disruption by AE.
Cr(HT)-GSH-DNA crosslinks were not significantly dissociated by AE conditions. In agreement with our results, DPC have frequently been detected in chromate-treated cells and animals using the AE technique (Fornace et al, 1981; Sugiyama et al, 1986a,b; Tsapakos et al, 1983; Cupo and Wetterhahn, 1984; Hamilton and Wetterhahn, 1986) . CxiJB) atoms involved in DPC may be less accessible and therefore more resistant to chelation by EDTA compared to Cr(Tn) atoms involved in DDC. Furthermore, the interaction of Cr(IH) with GSH may be stronger than with DNA. It is known that complexes of Cr(III) with multidentate ligands such as GSH are very stable and do not readily undergo exchange reactions (Larkworthy et al, 1988) . The third possibility is that the DPC detected by AE in chromate-treated cultured cells do not actually contain a Cr(Tfl) atom. It has been suggested that a significant proportion of the DPC formed after exposure of cells to Cr(VT) are mediated by oxygen radicals (Mattagajasingh and Misra, 1996) . Zhitkovich et al. (1995) suggest that chromium-induced DPC formed in vivo involve GSH and free amino acids such as cysteine, histidine, and glutamic acid. By virtue of their small size, GSH and amino acids may not be capable of retarding the elution of genomic DNA during AE. Thus, an additional level of complexity is added by the possibility that AE detects only the small fraction of DPC involving large proteins, but not the DPC involving GSH and amino acids. Nevertheless, the Cr(III)-GSH-DNA crosslinks in our current study were stable to AE conditions. In summary, this study has established that chromium-mediated DDC, but not DPC, are disrupted by AE conditions, indicating that AE studies which have failed to detect chromium-mediated DDC cannot be regarded as proof of the absence of this lesion. Therefore, in general, techniques involving the use of EDTA may not be suitable for detecting DDC induced by EDTA-chelatable toxic agents such as chromium and other metals.
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